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Abstract
The analyzing power of multi-GeV protons scattering on electrons is estimated. The possibility to use such polarimeters
based on pe-scattering for the measurement of the longitudinal and transverse polarization of the protons is demonstrated.
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1. Introduction

Previous experience with high energy particle polarime-
ters has shown that using a few distinct methods of the beam
polarization measurement is very advantageous [1]. Now
three types of proton polarimeters are suggested for use at
high energy: one based on the Primakoff effect (the asym-
metry ratio reaches A = (.5), the second uses the Coulomb
nuclear interference in elastic pp-scattering (A < 0.05) and
the third uses the asymmetry of the inclusive pion produc-
tion at high x (A ~ 0.2). The use of any of these techniques
as absolute polarimeter depends on theoretical uncertainties,
primarily connected with the hadronic part of an amplitude.
We propose to use an pe-elastic polarimeter for which the
analyzing power can be calculated in a straightforward way

and tn hiogh acprnirary in the nana_nhnatan annravimatinn and
and o nign afluracy il ine Oonc-padidhn approXimaudii and

does not depend on the model. Earlier in a series of re-
ports [2,3] we have discussed possible applications of the
pe-polarimeter. The purpose of this paper is to reproduce in
more details the results of theoretical estimates and to con-
sider nnthlp variants of the nn];m7pr1 electron target,
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2. Double spin asymmetries in proton-eieciron
scattering

The experimental polarization asymmetry for the elastic
pe-scattering A];" is given by the product of the beam P and
tnvagatr D€ malnwiontiang alang 7 and 7 dirantinme ragmantival
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and the spin correlation asymmetry A;;
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AP = PPP A, (1)
where Aj; is defined as

do/dQ (i,7) — do/dQ ( -7)

b= dn/dO(AA\4-dn/d0 -5

atl 1, —] Ji

(2)

Here do/dQ (?, ﬂ:?) are the differential cross sections for
the “pure spin states” of the proton polarized along the i
direction and the electron polarized along or against the

ji\ direction. We designate the four momenta of the initial

and final protons and electrons by Py (p,, E1), Ki(ki,e1),
Py(p,, E2), Kr(kz,e2) and their masses by M and m,
respectively. The invariant amplitude of the elastic pe-
scattering is written in the one photon approximation in the
following form:

Myi=ie’t ™ @ (K2) yau( KD a(P2) [ya(Fi(2) + Fa(1))
H Py + P)aFa (1) /2M)u( Py), (3)

where t = —(K; — K»2)? is the square of the momentum
transfer, F1 and F are the proton electromagnetic form fac-
tors. Then in an arbitrary reference frame a spin correlation

asymmetry may be written as TAT

asyIncl may DC WIILCH as

= SmM(F(n) + B0yl (§- ¢ + EFEK

£ PIZ
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with the definition
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Fig. 1. The energy dependences of the spin correlation parameter Azz
for the elastic scattering of the longitudinally polarized protons on the
longitudinally polarized rest electrons at different angles.

which is connected with the Rosenbluth cross section [5]
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Fig. 2. The energy dependence of the spin correlation parameter Ayy for
the elastic scattering of the transversely polarized protons on the transversely
polarized rest electrons for different angles.
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for the electron and the analogous expression for ' of the
proton. Here §; is the unit vector in the direction of the spin

of the fermion in its own rest system.
We use the dipole representation for the electric Ge(¢)

and magnetic Gm (#) =~ uGe(¢) form factors of the proton
(e is the anomalous magnetic moment of the proton}, so
that

AM* — 279t 1
AM? —t (1 —1/0.71)2°

Fi(t) =

am? 1
F(1)=1.79 .
2(8) 4MZ =t (1—t/0.71)2

We have calculated the spin correlation parameters for
the proton and electron polarized along the direction of the
proton beam motion I, along the normal # to the scattering
plane, along the unit vector § = % # and the elastic scattering
differential cross section as functions of the kinetic energy
of the proton in the range 5 < E;, < 250 GeV at several
recoil electron angles.

The first outcome of our calculations is that spin corre-
lation parameters have noticeable sizes in the energy range
under consideration. In this paper we shall pay more atten-
tion only to spin correlation parameters Arz, Any and Agc.

PROTON KINETIC ENERGY (Gev)

Fig. 3. The energy dependence of the spin correlation parameter Agy, for the
elastic scattering of the transversely polarized protons on the longitudinally
polarized rest electrons for different angles.
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Fig. 4. The differential cross secticn of the proton elastic scattering on the
rest target electron at different electron recoil angles.
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In Figs. 1-4 the energy dependence of Az, Axw, Asz and
the unpolarized elastic scattering cross section are given for
different electron recoil angles in case of the target electron
being at rest. One can see that A, is most suitable for the
polarization measurement at £; > 25 GeV, and Ay is most
appreciable at 10-30 GeV for the angular region 8. < 4
mrad where they are large enough. The spin correlation pa-
rameter As, has a sufficiently large value in the whole inter-
val of the energies under consideration for the same angular
region and has the maximum at the angles of about 2.5 mrad,
s0 it can be used to measure the transverse polarization of
the proton beam. Though the cross section diminishes with
the decrease of the recoil electron angle the small angle re-
gion is more adequate for polarization measurement on the
rest electrons, because the effective spin correlation param-
eter Aj; do/ dQ. has a considerable value in the region with
a large value of the asymmetry.

3. Polarized electron target

We have explored the feasibility of four types of targets
for our purposes:
(i) solid target (ST),
(ii) gas jet target (GJT) ,
(iii) free electron target (FET),
(iv) electron beam target (EBT).

(i) Permendur wire has been taken as a ST. When placed
in a magnetic field strength more than 100 G the ST provides
the electron polarization at a level of 8%. The employment
of the ST calls for a treatment of two substantive issues
associated with
- anincrease of the proton beam emittance through multiple

Coulomb scattering in the ST and
- target heating.

The emittance growth e of the proton beam as a result
of a proton interaction with the target is connected with
the rms of the multiple scattering angle 6y and the betatron
amplitude function B at the target location point

Se = 6m0%y B, 7

where y is Lorentz-factor of the proton.

If the diameter d of the wire target is much less than the
proton beam size, the effective thickness of the target x; in
an expression for the rms angle

60 = (13.6 X 10°/p1)\/x:/Xo (8)
can be written as
X1 =~ (wfd*/16rn) tm, €))

where p, is the proton momentum, Xy is the radiation length
of the material of the target, f is the bunch frequency, » is
the number of the bunches in each ring,

r=\/eB/6my (10)
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Fig. 5. The emittance growth of the RHIC proton beam caused by the
proton scattering on a wire iron target of the diameter 1 wm during 1 s.

is the rms radius of the proton beam, ¢ is 95% emittance of
the beam, and ¢, is the measurement time.

For an example, Fig. 5 shows the dependence of the emit-
tance growth of the RHIC proton beam, which occurs as a
result of the proton scattering on a wire iron target of the
diameter 1 pm during 1 s. The beam emittance and the be-
tatron amplitude function were taken as 207 x 10~% m and
25 m correspondingly.

The necessary time of a measurement is defined basically
by the required statistical accuracy AP of the polarization
measurement P and is given by the formula

2
AP I I
(?) " 20(do/d0) A0, (AZPZ - 1) , (1)

where AQ is the solid angle of the detector, do/ dQ is the
value of the pe-scattering differential cross section, A is
the analyzing power of the pe-scattering. At the Gaussian
distribution of the protons in the beam and the target location
on the axis of the beam the luminosity L is connected to
parameters of the beam and target as follows:

L= f(Npne/V27r), (12)

where Np is the number of protons per bunch and r, is the
linear density of the electrons in the wire target.

If the detectors measure the pe-scattering asymmetry in
the solid angle 10~° sr near to the zero electron recoil an-
gle, where the analyzing power has a maximum, then, after
reaching 5% accuracy of measurement of polarization, the
increase of the beam emittance will account for 20% and
100% at a proton energy of 250 and 100 GeV, respectively.
It results in destruction of the beam.

The temperature variation in the interaction volume of the
proton beam and the wire target is defined by the differential
equation of balance
dT = [(Pion — Praa) /(pVe) ] dtm. (13)

Here T is the wire temperature, V is the average volume of
the interaction region, p is the density and ¢ is the specific
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heat of the wire material.
The power released in the wire equals

Pion = Np fk( dE/ dx) tay, (14)

where & is the average beam-target overlapping coefficient,
dE/ dx is the proton energy loss per unit length within the
target, and f,, is the average wire thickness. The radiated
power is written in the following form

Prg = 08ST, (15)

where og is the Boltzmann constant and S is the average
radiating area of the wire.
Then Eq. (13) takes the form

dT/ dtm = —AT* + B, (16)
where
A=4gg/dpc, B = (Nyf/4r’pc)dE/dx. (17)

Here B does not depend on the wire thickness if d < r.
When dT/ dt, = 0, we have the equilibrium temperature

T = (B/A)* . (18)

Within the temperature region where (7/Ty) << 1 the
solution of Eq. (16) is

5 5
ren n[(rY (n
In=—"% +B[<Teq> (h)} (19)

where Ty is the initial temperature in K.
For T < 0.5T¢q the added term connected with the radia-
tion is small and

tm =~ (T —Ty)/B = AT/B. (20)

Practically T must be less than the Curie temperature of the
ferromagnet.

The expression used to compute the target temperature
growth due to heating by the beam is [6]

AT = 3.8 x 107 (N, f/vherc) dE/ dx, (21)

where v is the wire speed and ke is the effective beam size
(m) (hey = V270 for a Gaussian).

The above expression clearly gives a far too pessimistic
estimate of the temperature rise [7]. The reason can be un-
derstood if one considers the fact that the energy transferred
from the proton to the electron in material due to multiple
Coulomb scattering is not all trapped in the wire. Electrons
with sufficient energy will escape and not contribute to the
heating. The effect can be very high and depends on the wire
diameter.

Our estimations with the help of Eq. (20) has shown
that ST can be expediently used in case of low (< 107
protons/s) beam intensity or in an extracted proton beam.

(ii) The most optimal GJT is an atomic hydrogen target.
The target thickness in this internal GJT is nearly 10'2-10'
e~ /cm® [8]. The advantages of this polarized target are
~ low target density and
~ feasibility of 100% electron polarization.

The chief drawback of the GJT is strong hadronic back-
ground due to pp-collisions which is three orders of magni-
tude higher than the scattering cross section in the kinematic
region where the highest analyzing power is achieved.

(iii) The use of free electrons as a target in a polarime-
ter offers some benefits. As compared with the permendur
wire target, the FET can provide a higher degree of polar-
ization and allows measurements to be made with no dele-
terious effect on the proton beam lifetime. Moreover, while
using the FET, the hadronic background is several orders
of magnitude lower than with the GJT. Now, a GaAs pho-
tocathode exposed to circularly-polarized laser light is the
most promising polarized electron source. The degree of the
longitudinal electron polarization is as high as 80% [9].
The characteristics of the electron gun at SLC [10] where
the electron current density is 2.5 A/cm?. For an extended
GaAs cathode of 50 cm length, incident parallel to the pro-
ton beam with electrostatic focusing of electrons in a plane,
the target thickness can be up to 10" e~ /cm?. A FET thick-
ness of the same order of magnitude has been obtained with
Penning traps [11].

(iv) The particular important problem is the determina-
tion of the transverse proton polarization. It can be solved
with the pe-polarimeter by measuring the As, asymmetry
that is sufficiently large within the whole energy interval
(see Fig. 3). The use of the pe-polarimeter with the above
considered electron targets to determine the fransverse po-
larization by measuring A5y asymmetry has an essential de-
fect - the narrow range of the proton energy in which the
analyzing power is reasonably large (see Fig. 2). This de-
fect can be overcome, if an accelerated polarized electron
beam is used as an electron target. The selection of the elec-
tron energy allows to make the measurement of polariza-
tion at such a total center of mass energy +/s at which the
asymmetry of the elastic pe-scattering has the maximum.
In Fig. 6 the parameter Ayn is shown as a function of the
initial kinetic energy of the electrons moving in the same
direction as the proton. The presence of two maxima is con-
nected with two values of energy of the initial electron for
the given /s at which the relative proton and electron ve-
locities are equal and have the opposite direction. For the
second maximum the scattered electrons emerge in a wide
cone of angles and the differential cross section decreases
slowly with an increase of the scattering angle of the elec-
tron. The use of the second maximum for the measurement
of the transverse proton polarization will be probably useful
for the colliders of the HERA and LHC (ep performance)
type if the electrons collide with the protons.
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Fig. 6. The energy dependence of the Ayy spin cortelation parameter for

the elastic scattering of the transversely polarized protons with the kinetic

energy Tp = 250 GeV on the transversely polarized electrons moving along
the direction of the proton beam for different angles of the scattered electron.

4. Conclusion

In summary, the polarimeter based on the elastic pe-
scattering gives a good opportunity to reliably measure as
the longitudinal proton beam polarization as transverse. Our
calculations have shown that the spin correlation parameters
Arr, Ayn, Ast have noticeable sizes in the energy range un-
der consideration at small electron recoil angles. Although
the scattering cross section diminishes with the decrease of
the recoil electron angle the region of the small angles is
more than adequate for the polarization measurement, be-
cause the effective spin correlation parameter A,-zj do/dQ.

has a considerable value in the region together with large
values of the asymmetry.

It has been shown that ST can be expediently used in
case of low (< 10" protons/s) beam intensity or with an
extracted beam of the protons. The use ST and GIT is also
limited by the large hadronic background of the elastic pe-
scattering. It is the FET or EBT that is best able to handle
the problem of the proton beam polarization measurement.

The use of the electron beam target for the determination
of the transversal proton polarization in a wide region of the
proton energy and based on the measurement of the A5y~
asymmetry will probably appear useful.
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